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Abstract 
Design, fabrication, and testing results of a hydrogen gas sensor based on a surface modified high density and high aspect ratio 3-D
carbon post microarray are described in this paper.  After the conversion of photoresist patterns into carbon electrodes, the
increased surface was conformally coated with a metal oxide semiconductor film by atomic layer deposition (ALD).  A maximum
sensitivity as high as 100 (Rair/ Rhydrogen) has been observed in the fabricated sensor even in the presence of moisture at low
temperature. A fast initial response (90% resistance drop in 30 sec at 3000 ppm hydrogen) of the sensor could be utilized for early
leak detection.  The methodology of surface modification as well as the test result shows good promise for various chemical sensing
devices based on the proposed strategy.  
 
© 2011 Published by Elsevier Ltd. 
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1.  Introduction 
Due to the necessity and demand of alternative fuel source, hydrogen has obtained increased public interest in
recent years. For safe handling of hydrogen fuel, it is imperative to develop sensors working at atmospheric
temperature with fast response and good sensitivity.  Among various types of sensors, conductometric gas sensors
based on semiconductor metal oxides such as tin oxide (SnO2), zinc oxide (ZnO), indium oxide (In2O3), and tungsten
oxide (WO3) are most widely studied [1]. 
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Although it has been reported that the strategy of increasing surface to volume ratio using nanoscale features is
effective on improving the sensor performance, these nanostructures often require complicated fabrication steps and
yet have a limited sensitivity at low temperatures [2,3]. One way to increase the surface with the limited floor area is
the use of high aspect ratio structures.  Glassy carbon posts that can be obtained by carbon microelectromechanical (C
MEMS) technology are conductive and significantly increase the surface to volume ratio with their three-dimensiona
architecture and compatible with batch microfabrication [4]. 
In this study we report the extension of C-MEMS technology for gas sensing applications with a conformal coating
of semiconductor metal oxide film in which the carbon posts provide a structural support with an increased surface
area while the metal oxide contributes to variation of electrical resistance in the presence of hydrogen. 
2. Experimental 
2.1. Fabrication 
For the C-MEMS microsensor platform, first the bottom interdigitated electrodes were designed and fabricated.
Then the carbon post arrays were fabricated on top of these interdigitated electrodes (IDE’s). Finally these carbon
posts were conformally coated with ZnO using atomic layer deposition (ALD). The configuration of the device is
shown in Fig 1(a). 
 
 
 
 
 
 
 
 
 
 
 
             (a)                          (b)  
Fig. 1. (a) Schematic illustration of ZnO modified carbon post arrays on top of Pt/Ti interdigitated electrodes; (b) Fabrication steps for ALD-ZnO /
glassy carbon post arrays (top to bottom): SU-8 post arrays are defined by photolithography; carbon posts are obtained after pyrolysis; ZnO film is
coated by ALD 
 
 
The fabrication steps for the C-MEMS hydrogen sensor are shown in Fig 1 (b). Starting with an oxidized Si wafer,
the bottom electrodes were fabricated by a lift-off process of Pt (300nm)/ Ti (20nm) film. Then an epoxy based
negative photoresist SU8-2050 (Microchem Corp.) was spin-coated on the Pt IDE’s to the thickness of 80 ~ 90 μm.
The final post array patterns were prepared after photolithography. 
The C-MEMS structures were obtained using a two step pyrolysis process in forming gas environment (5% H2 in
N2) [4]. In the first step, the pyrolysis was done by heating the samples at 350 oC for 30 min and ramping up the
temperature to 900 oC. In the final step, samples were kept for 1 hr and then cooled down to the room temperature.
Fig 2(a) shows a tilted angle SEM image of glassy carbon posts where the individual post diameter is 50 μm and its
aspect ratio is 1.8. 
ZnO films were deposited on top of C-MEMS structure using ALD technique.  Diethyl zinc [DEZn, ((C2H5)2Zn)]
and H2O were used as metal and oxidant precursors, respectively.  After the ALD process, individual chips were diced
and sputter-coated with Pt for 2 sec. Finally, the diced chips were packaged and wire-bonded for testing. Fig 2(b)
shows a packaged device. The inset figure shows ALD-ZnO/glassy carbon posts on the interdigitated electrodes. A
reference sample without C-MEMS structures was prepared for comparative study. 
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             (a)                          (b)  
Fig. 2. (a) Tilted SEM image showing carbon post arrays after pyrolysis; (b) A packaged sensor (inset: ALD-ZnO/glassy carbon posts on 
interdigitated electrodes) 
 
2.2. Test 
 
The testing of all C-MEMS and reference samples were done at room temperature (22 oC) with relative humidity of
35 % under dynamic condition. Turbo pumps were used to maintain the air pressure within the test chamber to 50
Torr. Mass flow controllers were used to regulate the volume of hydrogen. In this dynamic test condition, a desired
amount of hydrogen was continuously flowed into the chamber and simultaneously pumped out through the outlet for
the duration of test. The hydrogen was supplied for 30 minutes with a 50% duty cycle. Both the devices were tested at
a fixed concentration of 3000 ppm hydrogen which is less than 10 % of lower explosive limit (LEL) of hydrogen in
air. The change of resistance was recorded each second by a computer running LABVIEW (National Instruments
Corporation). Sensitivity (S) was defined as the ratio of resistance in the air (Rair) to the minimum resistance (Rgas) in
the presence of hydrogen.  
 
3. Results and Discussion 
Fig 3(a) shows the cyclic response of reference and C-MEMS sensors at 3000 ppm hydrogen level at room
temperature.  Tested sensors had a 20 nm thick ZnO film as a sensing element and Pt clusters as a catalyst for
hydrogen dissociation. Initially both sensors showed high resistance in the air, Rair, which was eventually dropped to
minimum resistance, Rgas, in the presence of hydrogen. The working principle based on the surface adsorbed oxygen
species (O2- or O-) and the variation of the resulting space charge layer upon exposure to hydrogen was described
elsewhere [1]. 
The ZnO C-MEMS sensor showed a tenfold increase of the sensitivity (S= Rair / Rgas = 100) as compared to the
control sample (S=10) at 3000 ppm H2 level. The increase in the sensitivity of C-MEMS sensors can be attributed to
the 3D electrode structure which increases the total surface area; charge carriers increases as the number of available
reaction sites increases.  
Fig 3(b) shows the initial time response of the resistance which may be used as an indicator of the sensor response
speed. The ZnO C-MEMS exhibited a rate of 4.5 K/sec while the control sample showed 1.2 K/sec; the initial
resistance drop is four times faster in C-MEMS. Based on a Schottky barrier present at electrode/sensing material
interface, the response speed depends how fast the hydrogen atoms could diffuse to the interface to lower the Schottky
barrier height [5]. It seems that the porous structure of carbon contributes to the percolation of ZnO as ALD progresses
and thus greatly increases the interfacial area [6]. Furthermore due to their small size, diffusion of hydrogen atoms
through the interface does not appear to be limited. Therefore, increase of the interfacial area between sensing
materials and electrodes using C-MEMS/ALD process is found effective in improving hydrogen sensor performances
in both sensitivity and response time.  
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Fig. 3. (a) Cyclic and; (b) initial response of sensors at room temperature under dynamic testing condition (22 oC, 3000 ppm H2)  
 
 
4. Conclusion 
ZnO modified high aspect ratio carbon electrodes were fabricated and characterized for hydrogen gas sensing
applications. A maximum sensitivity as high as 100 was observed even in the presence of moisture (35% RH) at low
temperature (22 oC) at 3000 ppm hydrogen concentration. The fast response speed (dropping rate of resistance = 4.5
K/sec) promises the use of sensors in early leak detection.  
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